We propose a measurement method of Tail Beat Frequency (TBF) and Coast Phase (CP) of fish swimming for isolated fish in a school of fish with visual tracking. For analysis of fish swimming behaviors, features that represent fish movements, e.g., TBF and CP, have been commonly used in the fields of biological and fisheries researches. We propose a measurement method for such features using particle filter and apply the method to a large school of fish in an aquarium. Experimental results show that the TBFs and the CPs are measured with our method accurately enough for further analysis of fish behaviors. The average errors of the TBFs was 0.126 (Hz) and the precision and recall of the classification for CP detection were 0.945 and 0.879 respectively.
INTRODUCTION
In the field of biological researches, mechanics of fish swimming has been investigated over many years [1] . Researchers have focused on features that characterize fish swimming such as swimming speed, Tail Beat Frequency (TBF), Coast Phase (CP), and stride length in a beat to analyze swimming mechanics [2] , [3] . These features have been utilized to study mechanics of swimming and behavior of an isolated fish or a small group of fish through observational experiments and theoretical analysis [4] . Recently, behaviors of fish schools and other collective motions of animals have been studied [5] . For example, it is known that schooling behavior reduce energy expenditure [6] . However, for large and dense real schools of fish, effects of schooling and interactions between individuals have not been understood well enough. To promote the research of behaviors of fish schools, it is important to develop methods for measuring features of fish swimming. Possible applications of such a measurement method include management of health and growth of fish in fish farms.
In this study, as a first step to measure features of fish in large school, we focus on TBF and CP among various features of fish swimming and measure those two features for isolated fish in a large school. TBF is the number of tail beats per second. CP refers to one of characteristic swimming states of fish in which the body is kept motionless and straight [1] . For a large school of fish as shown in Fig. 1 , it is quite difficult to track all the individuals, although much progress has been made for this issue [7] , [8] . Even so, we can still obtain useful information for analyzing fish behaviors in a school if we can track a certain number of fish in the school. Since tracking isolated fish is easier than occluded multiple fish, we focus on isolated fish and measure their behaviors in this study.
To measure TBF and CP, we first extract the silhouettes of isolated fish and calculate the centroid for each fish. We then track them with a particle filter [9] . During the tracking, we measure the endpoints of head and tail by thinning silhouettes, and calculate other three points on the thinned lines to estimate deformation of fish bodies. From the tracked data, we calculate the movements of tail tips and then estimate the TBFs of each fish with another particle filter. In order to detect CPs for tracked fish, we devised a feature that represents the degree of deformation of fish body.
As experiments, we tracked fish in a three second scene of a school of sardines. The precision and recall of the result of tracking were 0.991 and 0.981 respectively. We measured the TBF with our method and by hand for 20 fish in the tracked ones. The average error of the estimated TBF was 0.126 (Hz). We also detected CPs in the scene. The precision and recall of the classification of CP detection were 0.945 and 0.879 respectively. These results indicate that our method is practically useful for measurement of fish behaviors.
The remainder of this paper is organized as follows. In Section 2, we review previous work related to TBF and CP. Section 3 presents the dataset and the details of our method for tracking isolated fish and measuring fish behaviors. We show experimental results in Section 4. Finally, we summarize this paper and give directions for future work in Section 5. In this se TBF and CP 
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For the initial parameters of the particle filter, we search a candidate (C1) in the first frame of the scene and the nearest candidate (C2) to the C1 in the second frame. If the distance between C1 and C2 is less than 15 pixels (approximately 2/7 BL), we provide the position of C1 and the amount of shift between C1 and C2 as initial parameters and begin the tracking process. In order to make our tracking results stable, we track a candidate C from a frame to the next frame only when the estimated point, obtained by the particle filter, for the candidate C in is close enough to one of centroid points extracted in . More specifically, let P be the estimated point for the candidate C in the frame . If we find a centroid point within 15 pixels of the point P , we presume that the centroid point is the one moved from the candidate C in the previous frame and then we track the candidate. Otherwise we do not track the candidate.
As a result of tracking process, we obtain sequences of tracked points, each of which is just called "sequence" in this paper. When fish overlap each other, we may track each fish wrongly due to occlusion and may obtain wrong sequences as a result. In order to extract only correct sequences, we introduce the following two conditions. The first condition is that the area of the tracked isolated fish in a frame must be in the range of 60% to 140% of that in the preceding frame. The second condition is constraints on the fish body proportion. The area of a fish is expected to be proportional to the square of its body length (How to estimate the body length is explained in Section 3.3.1). Therefore, when the area of the tracked image is much smaller than expected, the tracked image may not be an isolated fish. In this study, if the equation
is satisfied, we discard the silhouette as invalid one. Here, is the area, is the body length, and the value 13.5 is derived from a preliminary experiment.
Estimation of Body Length, Tail Beat Frequency and Coast Phase
During the tracking process, for each tracked fish, we measure posture data that are retrieved from several reference points of the fish. We then estimate the body length, TBF and CP of each fish from the posture data.
Locating reference points
As reference points of a fish, we extract its head point, tail point, and other three points that are called quarter points. The overview of the quarter points and the reference points is shown in Fig. 7 . For extracting the reference points, we first obtain a skeleton line of the fish by applying a simple thinning algorithm [18] to its silhouette. The end point of the skeleton near the head is taken as the head point and the other end point is taken as the tail point. These two points are respectively called head endpoint and tail endpoint. The other three reference points are those that divide the skeleton line into quarters. Let us denote the three points P1, P2 and P3 from the head endpoint. These are called the quarter points. They are located as follows. We first compute the three points (Q1, Q2, and Q3) that divide the line segment l between the two endpoints into quarters. We then project the points Q1, Q2 and Q3 respectively along the direction perpendicular to the line l and find the intersection points with the thinned line as the points P1, P2, and P3. Fig. 5(c) and Fig. 5(d) show the thinned line of the candidate area and the points on the line .
Estimation of body length
We can estimate the body length of a fish from the distance between the head and tail endpoints. Although the distance varies as the fish beats its tail, it would become close to the body length when the body of the fish is stretched straight and the distance takes maximal values. Here, we do not simply take the maximum value with considering measurement error. The body length is hence computed as the average value of top 10% of distances measured during tracking. We use 2000 par rame data with the TBF in e ghts of the part ables us to est 
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EXPERIMENTAL RESULTS
We have conducted experiments to demonstrate the effectiveness of our method. We first evaluated the accuracy of our method about the tracking of isolated fish, BLs and TBFs. For computing accuracies, we manually tracked fish and measured BLs and TBFs for them and compared the results with the ones estimated by our method. The results of detecting changes in TBF by our method are also shown. Finally, we show the accuracy of detection of CP by our method.
Tracking Isolated Fish
In experiments, we first applied our tracking method (Section 3.2) to the three second scene (Section 3.1) and evaluated the accuracy of the result.
For the three second scene, we tracked 126 silhouettes (i.e., fish) by our method over 30 frames from the first frame. Out of them, 109 silhouette sequences were extracted as valid ones using the two conditions described in Section 3.2. After that, we manually tracked the same 126 silhouettes and checked whether all silhouettes are isolated, i.e. not overlapped each other, all through the tracking process or not. We then confirmed that 110 silhouette sequences were valid ones that could be tracked. For the 110 valid sequences, 108 out of them were correctly tracked by our method whereas two valid sequences were missed. Aside from them, one invalid sequence was wrongly tracked. The precision and recall of the result of tracking were thus 0.991 and 0.981 respectively.
Body Length and Tail Beat Frequency
We measured the head positions, the body lengths and TBFs by our method (Section 3.3). In order to evaluate the accuracies of estimated body length and TBF obtained by our method, we manually tracked 20 fish out of the 110 valid sequences mentioned above. We picked up the head and tail points one by one manually and then computed the average body lengths from those points in the same way as described in Section 3.3. The TBFs from three beat cycles were also manually measured. The BL and TBF values obtained in this way were taken as ground-truth.
For BL, the average and standard deviation (S.D.) of the body length differences by our method and ground-truth are 0.0172 (BL) and 0.0100 (BL) respectively. For TBF, in order to evaluate our estimation method, we calculated the difference of the TBFs between ground-truth and estimated by our method. The average and S.D. of the differences are 0.126 (Hz) and 0.154 (Hz). For comparing those values, we average the time series of TBFs computed by our method for each tracked fish. These results indicate that we can measure BL and TBF of fish by our method accurately enough.
The measurement results are summarized in Table I . 
Coast Phase
For the 110 valid sequences obtained in Section 4.1, we manually checked whether CPs were observed according to the definition of CP (Section 3.3.2). As a result, we found CPs for 29 valid sequences. On the other hand, our method detected that 33 valid sequences contained CPs. The precision and recall of the classification result are 0.945 and 0.879. The results demonstrate that our method can practically detect CPs.
CONCLUSION
In this paper, we proposed the measurement method of TBF and the estimation method of CP for isolated fish in a school of fish. In our experiments, we recorded a large school of sardines and applied our method to a scene taken from the video The average difference of the TBFs between ones estimated by our method and ones measured manually was 0.126 (Hz). For estimation of CP, the precision and recall of the classification result were 0.945 and 0.879. These results indicate that our method is practical. We expect that our method is useful for observation of individual behaviors in school of fish.
As a future direction of this study, we plan to measure the TBF and CP for fish that overlaps each other in schools using a multiple target tracking method [7] , [8] . As a practical application, it is expected that our method could be utilized in fish farms to observe their health and growth.
